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CONVERSION FACTORS, ABBREVIATION, AND DEFINITIONS

Multiply By To obtain
acre 4,047 square meter
acre-foot (acre-ft) 1,233 cubic meter
acre-foot per day (acre-ft/d) 1,233 cubic meter per day
cubic foot per day (ft*/d) 0.02832 cubic meter per day
cubic foot per second (ft3/s) 0.02832 cubic meter per second
foot (ft) 0.3048 meter
foot per day (fvd) 0.3048 meter per day
foot per second (ft/s) 0.3048 meter per second
foot per second squared (ft/s?) 0.3048 meter per second
squared
inch (in.) 2.54 centimeter
inch per day (in/d) 25.4 millimeter per day
inch per year (in/yr) 25.4 millimeter per year
mile (mi) 1.609 kilometer
mile per day (mi/d) 1.609 kilometer per day
millimeter (mm) 0.03937 inch
millimeter per day (mm/d) 0.03937 inch per day
square foot (ft?) 0.09290 square meter
square mile (miz) 2.590 square kilometer

Temperature can be converted to degrees Celsius (°C) or degrees Fahrenheit (°F) by the equations:
°C = 5/9 (°F - 32),
%F = 9/5 (°C) + 32.

Sea level: In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929—a
geodetic datum derived from a general adjustment of the first-order level nets of the United States and
Canada, formerly called Sea Level Datum of 1929.

Water year: Water year is the 12-month period October 1 through September 30. The water year is

designated by the calender year in which it ends. Thus, the year ending September 30, 1991, is called
the “1991 water year.”
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est, and highest annual mean discharges for the same Table 1. Drainage area and SCS curve number for control
) 3 . ponds at Quivira National Wildiife Refuge, south-central

period were 48.4,2.77, and 190 ft’/s, respectively (Put-  Kansas

nam and others, 1996). [SCS, U.S. Soil Conservation Service. Drainage areas and SCS curve

numbers are from the Kansas Geological Survey (Marios Sophocleous,

written commun., 1997)]

In addition to the water supplied by Rattlesnake
Creek, surface runoff to ponds generated by precipita-

tion also plays an important role. The delineated drain- Water-unit number  Drainage area  SCS curve

age areas of the ponds are listed in table 1 (Marios (fig- 2) (acres) number
Sophocleous, Kansas Geological Survey, written com- 5 1,890.7 74.020
mun., 1997). These drainage areas were used for the 7 140.8 42.680
calculation of overland surface runoff to the ponds. 10A 84.9 48.397
Surface runoff was estimated using the SCS 108 201.4 47575
10C 84.5 47.575

curve-number method (Soil Conservation Service,
1985). SCS curve numbers for control ponds at Quivira
National Wildlife Refuge also are listed in table 1. A 1 3414 47.575

description of the SCS curve-number method is found 14A 1499 71.217
in the section “Estimation of Direct Overland Surface 14B 124.9 71.693
Runoff.” 14C 59.5 33.552
The refuge currently diverts water from the Little 16 180.0 40.753

Salt Marsh (water unit 5), which is supplied by Rattle-
20A 179.4 58.461

snake Creek, into the main canal and into water units 7,
10A, 10B, 10C, and 11 (fig. 2). Water also flows from 208 1164 73.101
the Little Salt Marsh back into Rattlesnake Creek. 21 60.0 76.469

Water in the creek flows north to water unit 24, where 22 82.5 45.543
part of the water is diverted into the Darrynane Canal 23 4338 46.615
and into units 21 and 25. Some water flows into Rattle-
snake Creek north of unit 24 and is transported to the 24 259.9 51.636
west and north into the units north of County Road 484. 25 226.7 35711
26 194.7 67.952
28 228.4 38.659
Ground Water 29 78.9 60.995
The ponds in the north part of the refuge are within 30 69.0 61.968
a ground-water discharge area. Table 2 shows the esti- 40 207.2 42.018
mated monthly ground-water discharge from shallow 48 305.6 73.499
aquifers to ponds for 1994 (Marios Sophocleous, Kan- 49 137.4 71.000
sas Geological Survey, written commun., 1997). These 55 582.8 72.250
values were estimated using a previous ground-water
simulation done by Sophocleous and Perkins (1992) 57 2575 69.910
and the delineated drainage area of the ponds (table 1). 58 186.7 62.831
The total ground-water discharge to ponds for 1994 61 258.8 71.481
was about 6,200 acre-ft. 62 90.4 52.546
63 201.4 71.000
Physical Features of Control Ponds 75 5,621.7 69.583
78 635.9 70.544
Bottom elevations and full-pond capacities of con- 80 187.1 70.544
trol ponds are listed in table 3 (Megan Estep-Johnston, 81 6209 70.544
U.S. Fish and Wildlife, written commun., 1995). To 83 149.4 70.544
express mathematically the elevation-volume-area
relation of a pond, the pond storage was first divided Total 14,240.5

into several water-depth zones. The number of zones

Physicai and Hydroiogic Features of Quivira Nationai Wiidiife Refuge
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Table 3. Full-pond elevations, water-surface areas, and capacities for selected control ponds at Quivira National
Wildlife Refuge

[Data from U.S. Fish and Wildlife Service (Megan Estep-Johnston, written commun., 1995). BM, bench mark; ft, feet]

Bottom
Water-unit elevation Full-pond  Full-pond
number (feetabove sea Full-pond elevation, in feet above sea level surface area capacity
(fig. 2) level) (datum location) (acres) (acre-feet)
5 1,780 1,783 (SPILLWAY) 864 1,866
7 1,774 1,778 (TOP QF STOPLOG SLOT) 26 40
10A&10B 1,774 1,779 (TOP QF STOPLOG SLOT) 64 145
10C 1,772 1,774.4 (TOP OF GAGE) 11 13
11 1,754 1,7749 (SPILLWAY) 90 338
14A 1,772 1,778 (SPILLWAY) 87 196
14B 1,772 1,776.7 (SPILLWAY) 65 96
14C 1,774 1,777 (14C! BM-0.67 ft) 7 16
16 1,768 1,775 (TOP OF STOPLOG SLOT) 31 80
20A 1,767 1,770.7 (SPILLWAY) 138 195
20B 1,767 1,770.7 (SPILLWAY) 138 195
21 1,764 1,770 (TOP OF STOPLOG SLOT) 30 81
22 1,764 1,766 (22A1 BM-0.6 ft) 10 13
23 1,762 1,764.3 (TOP OF GAGE) 9 15
24 1,765 1,769.4 (SPILLWAY) 31 35
25 1,762 1,768.4 (TOP OF GAGE) 94 296
26 1,758 1,762 (SPILLWAY) 59 111
28 1,762 1,768 (28A1 BM-0.86 ft) 85 153
29 1,757 1,762 (29C! BM-0.58 ft) 61 91
30 1,756 1,759 high water 78 119
40 1,736 17425 (40B! BM-0.65 ft) 32 66
48 1,750 1,754.4 (SPILLWAY) 89 113
49 1,750 1,754.2 (SPILLWAY) 95 159
57 1,740 17435 (57A! BM-0.6 ft) 127 212
58 1,736 1,742 (58B1 BM-0.5 ft) 99 251
61 1,740 1,745.5 (62B! BM-0.58 ft) 218 498
62 1,735 1,744 (TOP OF STOPLOG SLOT) 47 120
63 1,736 17412 (TOP OF GAGE) 154 339
75 1,736 1,7408  (SPILLWAY) 1,768 2,446
Total 4,607 8,298

ILetters indicate structure names where water levels are measured.

were different for different ponds. For example, the
number of zones for water unit 5 and water unit 24
were two and five, respectively (table 4). The bottom

Physicai and Hydroiogic Features of Quivira Nationai Wiidiife Refuge

elevation (above sea level) of each zone was called the
zonal elevation base (Z,) for the corresponding zone.
The elevation-volume-area relation of a pond was rep-
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Table 4. Zonal elevation base and regression coefficients for elevation-volume-area relations of selected
control ponds at Quivira National Wildlife Refuge

[Data from U.S. Fish and Wildlife Service (Megan Estep-Johnston, written commun., 1995)]

Zonal elevation Regression coefficients
Water-unit base, Z,
number (feet above sea
(fig. 2) Zone number level) A1 A2 A3

5 1 1,780 1.0000 308.1200 110.4650
2 1,782 1,059.0999 749.9802 56.9399

7 1 1,774 0 .1800 1.6575
2 1,776 6.9900 6.8100 4.7775

3 1,778 39.7200 25.9200 7.2600

10A 1 1,774 0 6.2900 4.5450
2 1,776 30.7600 24.4700 3.6325

3 1,778 94.2300 39.0000 12.2525

10B 1 1,774 0 6.2900 4.5450
2 1,776 30.7600 24.4700 3.6325

3 1,778 94.2300 39.0000 12.2525

10C 1 1,772 0 3.6700 .6825
2 1,774 10.0700 6.4000 5.3450

11 1 1,754 0 .3000 .5050
2 1,756 2.6200 2.3200 .5700

3 1,758 9.5400 4.6000 5875

4 1,760 21.0900 6.9500 6975

5 1,762 37.7800 9.7400 775

6 1,764 60.3700 12.8500 7150

7 1,766 88.9300 15.7100 1.5075

8 1,768 126.3800 21.7400 2.3025

9 1,770 179.0700 30.9500 3.0025

10 1,772 252.9800 42.9600 1.2850

14A 1 1,772 0 3.6700 1.7150
2 1,774 14.2000 10.5300 7.9625

3 1,776 67.1100 42.3800 11.0625

14B 1 1,772 0 .0800 2.5050
2 1,774 10.1800 10.1000 9.5525

3 1,776 68.5900 48.3100 12.1175

14C 1 1,774 0 .3000 2.6500
2 1,775 2.9500 5.6000 .3400

16 1 1,768 0 4700 9075
2 1,770 4.5700 4.1000 .9850

3 1,772 16.7100 8.0400 4.5925

4 1,774 51.1600 26.4100 2.3550

Simulation of Canal and Control-Pond Operation at the Quivira National Wildlife Refuge, South-Central Kansas



Table 4. Zonal elevation base and regression coefficients for elevation-volume-area relations of selected
control ponds at Quivira National Wildlife Refuge—Continued

Zonal elevation

Regression coefficients

Water-unit base, Z,
number (feet above sea
(fig. 2) Zone number level) A1 A2 A3

20A 1 1,767 0 0.8800 0.8400
2 1,768 1.7200 2.5600 20.9950

3 1,769 25.2750 44.5500 35.8750

4 1,770 105.7000 116.3000 15.8000

20B 1 1,767 0 .8800 .8400
2 1,768 1.7200 2.5600 20.9950

3 1,769 25.2750 44,5500 35.8750

4 1,770 105.7000 116.3000 15.8000

21 1 1,764 0 1.4200 1.3675
2 1,766 8.3100 6.8900 2.8300

22 1 1,764 0 3.4700 1.6350
2 1,766 13.4800 10.0100 1.2825

23 1 1,762 0 3.7900 1.1625
2 1,764 12.2300 8.4400 1.0625

24 1 1,765 0 .1600 3700
2 1,766 .5300 .9000 .6200

3 1,767 2.0500 2.1400 3.5750

4 1,768 7.7650 9.2900 6.8600

5 1,769 23.9150 23.0100 10.3950

25 1 1,762 0 .4600 2.3875
2 1,764 10.4700 10.0100 15.9925

3 1,766 94.4600 73.9800 41675

26 1 1,758 0 2.4800 5.4875
2 1,760 26.9100 24.4300 8.7050

28 1 1,762 0 .0400 .8125
2 1,764 3.3300 3.2900 6.7775

3 1,766 37.0200 30.4000 13.7275

29 1 1,757 0 .0600 .2650
2 1,758 3250 .5900 1.6500

3 1,759 2.5650 3.8900 5.2800

4 1,760 11.7350 14.4500 13.6450

5 1,761 39.8300 41.7400 9.4300

6 1,762 91.0000 60.6000 12.8350

30 1 1,756 0 1.6200 12.7325
40 1 1,736 0 .1900 .2350

Physical and Hydrologic Features of Quivira National Wildlife Refuge

9



Table 4. Zonal elevation base and regression coefficients for elevation-volume-area relations of selected
control ponds at Quivira National Wildlife Refuge—Continued

Zonal elevation

Regression coefficients

Water-unit base, Zp
number (feet above sea
(fig- 2) Zone number level) At A2 A3
40 2 1,738 1.4400 1.2500 2.2725
3 1,740 13.0300 10.3400 4.3375
4 1,742 51.0600 27.6900 4.4375
48 1 1,750 0 2700 4750
2 1,751 7450 1.2200 2.1400
3 1,752 4.1050 5.5000 14.3300
4 1,753 23.9350 34.1600 21.3150
5 1,754 79.4100 76.7900 15.6400
49 1 1,750 0 4600 1.6450
2 1,751 2.1050 3.7500 11.2350
3 1,752 17.0900 26.2200 19.3450
4 1,753 62.6550 64.9100 12.4750
57 1 1,740 0 5.5300 14.5825
2 1,742 69.3900 63.8600 20.9075
58 1 1,736 0 2.2800 3.9775
2 1,738 20.4700 18.1900 9.5700
3 1,740 95.1300 56.4700 10.6425
61 1 1,740 0 10.2900 6.9975
2 1,742 48.5700 38.2800 25.7175
62 1 1,735 0 .0100 .1000
2 1,736 .1100 2100 .1900
3 1,737 .5100 .5900 3150
4 1,738 1.4150 1.2200 1.0550
5 1,739 3.6900 3.3300 2.4350
6 1,740 9.4550 8.2000 5.4750
7 1,741 23.1300 19.1500 4.0800
8 1,742 46.6360 27.3100 4.8150
63 1 1,736 0 3800 6.0175
2 1,738 24.8300 24.4500 24.6250
3 1,740 172.2300 122.9500 13.0675
75 1 1,736 0 3100 96.7650
2 1,737 97.0750 193.8400 84.3200
3 1,738 375.2350 362.4800 76.1350
4 1,739 813.8500 514.7500 113.3850
5 1,740 1,441.9851 741.5198 641.6354

10 Simuiation of Canai and Controi-Pond Operation at the Quivira Nationai Wiidiife Refuge, South-Centrai Kansas



resented by stepwise regression equations in terms of
zonal water depth (Megan, Estep-Johnston, U.S. Fish
and Wildlife, written commun., 1995):

V=A1+A2X +A3 X2 and 1)

A=A2 + (A3 +A3) X, )

where X is the zonal water depth and is equal to the
difference between pond water-surface ele-
vation (Z), in feet, and the corresponding
zonal elevation base (Z), in feet; that is,
X=2Z-2, Al, A2, and A3 are regression
coefficients, volume (V) is in acre-feet, and
water-surface area (A) is in acres.

Table 4 summarizes the zonal elevation bases and cor-

responding regression coefficients of selected control

ponds (Megan Estep-Johnston, U.S. Fish and Wildlife

Service, written commun. 1995).

As an illustration of the use of these regression
equations, consider water unit 5 as an example. Let the
water-surface elevation Z be 1,782.5 ft. From table 4,
the water surface is located in zone 2 because the
water-surface elevation of 1,782.5 ft is higher than the
zonal elevation base (Z,) of 1,782 ft. Therefore, the
zonal water depth (X) is 1,782.5 - 1,782.0 = 0.5 ft with
the regression coefficients (A1, A2, and A3) of
1,059.0999, 749.9802, and 56.9399, respectively.
Using equations 1 and 2, the corresponding water vol-
ume (V) and water-surface area (A) are 1,448.32 acre-ft
and 806.92 acres, respectively. However, if the
water-surface elevation Z is 1,781.0 ft, the correspond-
ing zone number now is 1 with a zonal elevation base
(Zp) of 1,780 ft and regression coefficients (A7, A2, and
A3) of 1.0000, 308.1200, and 110.4650, respectively.
Therefore, the corresponding water volume (V) and
water-surface area (A) are 419.59 acre-ft and
529.05 acres, respectively. Figure 3 shows the eleva-
tion-volume-area curves for Little Salt Marsh (water
unit 5, fig. 2) using equations 1 and 2.

LINEAR-NETWORK FLOW MODEL

The optimal operation of the control ponds at the
Quivira National Wildlife Refuge can be formulated
mathematically as a linear-network flow problem (Jian,
1988; Yu and others, 1989). In this section, the mathe-
matical formulation of a linear-network flow model
(Jian, 1988) is modified and expanded. The concepts of

a rule curve for a pond and the zoning of pond storage
and canal flow are introduced in this section. These two
concepts are bases for formulating a network flow
problem. The operating policy for a pond system in
terms of priority and cost-penalty coefficients is also
discussed. By combining the concepts of a rule curve
and zoning and the operating policy, the problem of the
operation of pond storage and flow routing can be for-
mulated as a minimum-cost network flow problem,
which is a typical topic in network flow analysis.

Network Representation of Flow Systems

To apply network flow analysis to the Quivira
National Wildlife Refuge, the flow systems shown in
figure 2 were conceptually represented by a network of
nodes and arcs (fig. 4). The network was comprised of
67 nodes, of which 34 nodes are pond nodes (oval
shape in fig. 4). Water unit 55 was shown as an oval in
figure 4 and treated as a canal node because there was
no pond information for that unit. Ninety-seven (97)
arcs were used to represent canals or waterways on the
refuge. Water unit 34 in figure 4 is a proposed pond for
future use and is not currently (1997) in operation.

Rule-Curve and Zoning Concepts

A rule curve designated a target water level in a
control pond. Using the zoning concept, a control pond
at the refuge was divided into four storage
zones—extended upper zone, upper zone, lower zone,
and inactive zone—and the rule curve was set at the top
of the lower zone (fig. 5). The extended upper zone was
used during periods of flood. The upper zone and lower
zone were called conservation zones and were used to
represent normal use. The inactive zone represented
the storage area filled up by sediment accumulation.
The selection of the number of zones in a particular
pond was based on management needs. For example, if
the objective of management was to maximize water
yields, the target water level (that is, rule curve) was set
at the highest elevation of a pond so that high water lev-
els could be maintained after satisfying downstream
flow requirements and water demands.

Similarly, flow in a canal was also divided into an
upper zone (that is, above-normal zone), a normal
zone, and a lower zone (that is, below-normal zone) as
shown in figure 6. The selection of the number of canal
flow zones was also dependent on management needs.

Linear-Network Flow Model 11
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fig. 2).

Because flows in canals at the refuge are not regulated,
one flow zone (normal) was used in the flow model
development. In model simulations, canal flows were

maintained in the normal flow zone as long as possible.

Operating Policy

Under ideal inflow conditions, all pond levels
would be maintained at the target water levels (rule
curves), and all canal flows would be maintained in the
normal flow ranges in addition to satisfying
water-management requirements such as minimum
desirable streamflow (Kansas Water Office, written
commun., 1996). In reality, ideal inflow conditions
rarely occur. If a pond water level was higher or lower
than its rule curve, a “cost” or “penalty” was assessed
to the water storage or depletion deviation from the rule
curve. The penalty depended on the amount of water
deviation from the target level and the penalty coeffi-
cient (cost per unit water deviation from the target

level). A penalty was also assessed to canal flows. In
other words, penalty coefficients were assigned to each
storage zone of a pond and each flow zone in a canal to
assess penalty.

Different penalty coefficients were assigned
according to management priorities related to each
storage zone of a pond. Penalty coefficients for canal
flows were specified in a similar way. Higher penalty
coefficients were assigned to the extended upper zone
and inactive zone, and smaller penalty coefficients
were assigned to the conservation zone (the lower zone
and the upper zone) because water levels needed to be
maintained in the conservation zone for normal use.
The penalty coefficient in the normal-flow zone in a
canal was generally zero or less than the penalty coef-
ficient of the pond conservation zone. A higher penalty
coefficient was assigned for violation of normal flow
range; that is, the higher values of penalty coefficients
were assigned to the upper and lower flow zones.

To optimally operate the canal and pond system at
the refuge, it was necessary for some interpond rela-
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Figure 5. Concepts of rule curve and pond zoning.

tions to be incorporated into the flow model. One of the
relations was priority ranking of the ponds. Ponds were
ranked according to some specified criteria by assign-
ing different penalty coefficients to storage zones. The
lowest priority pond was assigned the smallest penalty
coefficient for the same-purpose storage zone; higher
priority ponds had higher penalty coefficients. Using
this relation, violation of the rule curve first occurred in
the pond with the lowest priority. It was common for
rule-curve violations to occur first in the downstream
ponds rather than the upstream ones. This procedure
minimized unnecessary spilling at the most down-
stream pond in the event of high lateral flows; that is,
flows that did not enter the system through upstream
ponds. The optimal operation of the canal and pond
system minimized the total penalty assessed on the
deviations of pond storage from the rule curve and of
canal flows from specified normal flows.

Mathematical Expression of
Linear-Network Flow Model

The flow network consisted of nodes and directed
arcs. A node represented a location where the compu-
tation of the water budget was needed, such as at ponds
and at canals where diversion of water occurred. An arc
represented a stream or a canal along which water
moved from one location to another. An arc was also
used to represent a storage deviation of a pond or canal,

Canal

Upper flow

zone
(above-normal flow)j

0

/ Normal flow

zone
{normal flow)

Lower flow
zone
(below-normal

A

Figure 6. Concepts of canal-flow zoning.

NOT TO SCALE

and other additional contributions such as evaporation,
seepage, and runoff.

The linear-network flow model was expressed
mathematically as a linear programming problem of
minimizing the total cost or penalty as follows:

Minimize Y »" C,Q, for all (i,j) arcs, (3)
i

subject toz Q- Z Q,; = Oforall i nodes, and (4)
J J

&)

L;<Q,;< U forall (i,j) arcs,

where
Q;; = flow in arc (i,j) from node i to node j;
C;j = cost per unit flow in arc (i,j), also called the
penalty coefficient;
L;;= the lower flow boundary in any arc (i,j);
and
Ujj= the upper flow boundary in any arc (i,)).

Any flow (choice of the Q,/’s) satisfying the con-
straints in equation 4 was called a conserving flow,
accounting for mass conservation at the nodes. A con-
serving flow that satisfied the remaining constraints in
equation 5 was a feasible flow (solution).

The objective of equation 3 for the operation of
canals and control ponds was to minimize the total cost
due to deviations from specified rule curves and canal
flows. Equations 3-5 needed to incorporate the con-
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cepts of rule curve and zoning to obtain the appropriate
water-balance equation for any pond or canal reach.

Canal Routing

Considering a canal reach (i,j) with alength /;;, the
water balance in the canal (fig. 7A) during time period
(f) was expressed as:

IQijt - OQUt - (SPUt +EVijt): Sijt - Sijt‘l, (6)
where
1Q;/ = inflow to a canal reach (/) during time
period t;
0Q;} = outflow from a canal reach during time
period ;
SP,-j’ = seepage along a canal reach during time

period . The amount of seepage depended
on canal flow and hydraulic parameters.
See section “Estimation of Canal-Flow
Transmission Losses” later in this report.

EV;{ = canal surface-water evaporation, which
was estimated by:

EV = el] Uty (7)

in which e;; was the water-surface evapo-
ration coefficient for time period ¢, and A,-}-'
was the water-surface area given by

A;f = I;; by, where ;;and b;; were the canal
length and the width of the water surface,
respectively.

S,-j' = water storage in a canal reach at the end of
time period . Canal storage S;; ! depended
on canal inflow and outflow, and canal
hydrologic parameters. See section “Esti-
mation of Canal Water Storage” using
Muskingum’s method (McCuen, 1989)
later in this report.

S,-j"l = water storage in a canal reach at the begin-

ning of time period .

In the concept of canal-flow zoning, canal flow
may be in the normal, upper, or lower flow zone. The
actual flow in a canal was denoted by Q and the normal
flow by ON. The range of flow in the normal flow zone
was 0< QN < QN < QON, where ON and ON were
the lower and upper boundaries of the normal flow
range, respectively. If canal flow (Q) was in the upper
flow zone, then the upper flow (QU) was defined as the
flow deviation from the upper boundary of the normal

flow range; that is, QU = Q - ON, and

0<QU<QU , where QU was the magnitude of the
upper flow zone. In this case, ON = ON, and Q = ON
+ QU. If canal flow (Q) was in the lower flow zone,
then the lower flow (QL) was defined as the flow devi-
ation from the lower boundary of the normal flow zone;
thatis, OL = ON - Q, and 0 < QL < QL , where OL
was the magnitude of the lower flow zone. In this case,
ON = ON, and Q = ON - QL. Therefore, the actual
flow Q in a canal reach could be expressed as normal
flow (QN), plus the upper flow (QU), and minus the
lower flow (QL); that is,

Q=0N+QU-QL. ®)

If canal flow was in the normal flow zone, both QU and
OL were equal to zero. If canal flow was in the upper
zone, QL was zero. On the other hand, if canal flow was
in the lower flow zone, QU was zero. Therefore, equa-
tion 8 represented all flow states in a canal.

Substituting equation 8 into equation 6 gave the
canal water-balance equation as follows:

(IQNlJt + IQUUt - IQLljt) - (OQNUt +0QUUI - OQLlJt -

(SP;} +EV;{)= ;! - 5,7, )

where
IQNf = normal inflow (0< QN < IQN;;<ON;),

IQUijt = upper inflow (0 < IQU:]' <QUy),

IQL;']" lower inflow (0<1 QL <QOLy),

OQN,-J-’ = normal outflow
(0SQN, < OQN,;<QN,

OQUij' = upper outflow (0 < OQU:J' <QU;), and

OQL = lower outflow (0 < OQL <QL; i)

Each item in equation 9 could be represented by
flow through a distinct arc (fig. 7B). If there was no
water loss or storage change along the arc (i,), then the
actual flow between two neighboring nodes i and j was
simplified as:

19,/ = 0Q;/ = IQN,} + IQU;{ - IQL;/. (10)

16 Simulation of Canal and Controi-Pond Operation at the Quivira National Wiidiife Refuge, South-Central Kansas



Pond-Storage Routing

Using the concepts of rule curve and zoning of a
pond, the actual storage of a pond i at time ¢, S/, was
represented as the sum of the rule-curve storage, RC/,
plus the storage deviation from the rule-curve storage,
D/; that s,

S} =RC} + D}, (11)

where
subscript iwas the pond node index, and
superscript ¢ was the time period index.
In the concept of pond zoning, the storage devia-
tion, D/, was expressed as:

Dit = SUit - SL,", (12)

where

SU{ = the actual storage deviation above the rule
curve in the upper zone; that is, SU; F=§f-
RC/,and 0< SU <SU, , where SU was
the total capacity of the upper zone in con-
trol pond i. If there were m upper zones,
the upper deviation SU;’ was calculated
by:

SU; = Y SU,., (13)

where

SU’,-,k was the water storage in the upper zone k.

SL! = the actual storage deviation from the rule
curve in the lower zone; that is, SL/ = RC}'
-S/,and 0< SL <SL; , where SL was
the total capacity of the lower zone in pond
i. If there were n lower zones, the lower
deviation SL; was calculated by:

n
SLy= > SL;, (14)
k=1

where

SL';; was the water storage in the lower zone k.
Only one of the two terms on the right side of equation
12 could be nonzero. In other words, if the pond water

level was in the upper zone, then SL,-’ = (0. On the other
hand, if the pond water level was in the lower zone,
then SU;" = 0.

Substituting equation 12 into equation 11 gave:

Sit = RC,-’ + SUit - SLit. (15)

The water-balance equation (equation 3) for pond node
i could then be rewritten as:

20

where
0Q; = canal inflow from the upstream node j dur-
ing time period .

IQ,-j’ = water release to downstream node j during
time period ¢. Release was determined in
terms of a downstream flow requirement,
pond stage, and outlet control structure.
See section “Flow Through Hydraulic
Structures” later in this report.

I = local net inflow to pond i during time
period ¢.

RN/ = precipitation falling onto the water surface
(Pi') plus the direct overland surface runoff
(RF}") during time period ¢, given by:

ZIQ AL+ RN -EV-5P-Wi= s s, (16)

RN/= P} + RF}. (17)

Precipitation falling onto the water surface,
in acre-feet, P}/, was estimated by:

P/=00833rfA! , (18)

in which r; was rainfall during time period
t, in inches, and A; was the water-surface
area, in acres. Direct overland surface run-
off (RF,) was estimated using a SCS
curve-number method (Soil Conservation
Service, 1985). See section “Estimation of
Direct Overland Surface Runoff” later in
this report.

EV} = water-surface evaporation of pond i during
time period ¢ was estimated by:

EVi=¢fA} , (19)
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in which e; was the water-surface evapora-
tion coefficient for time period ¢, and A/}
was the pond water-surface area at the
beginning of time period . If the evapora-
tion rate a;/ was in inches per day and the
water-surface area A,~‘ was in acres, then
total surface evaporation EV/, in acre-feet,
during time period ¢ with time length of

At days was calculated as follows:

EV,-’ = 0.0833 aitAi' At. (20)

SP/} = seepage through the pond bottom, in
acre-feet. Seepage was estimated using
Darcy’s equation:

st:—Zgw: :
SP: = Ki—'—T—AiAI, 21)

in which K; was the bottom hydraulic con-
ductivity of pond i, in feet per day; Zsw/
was the surface-water elevation, in feet
above sea level; Zgw,’ was the ground-
water elevation below the pond bottom, in
feet above sea level; and d; was the
pond-bottom thickness, in feet.

W{= water withdrawal during time period ¢, in
acre-feet.

S = pond storage at the end of time period ¢, in
acre-feet.

S;"! = pond storage at the beginning of time
period ¢, in acre-feet.
Substituting equations 8 and 15 into equation 16 gave:

E(OQN;,. + OQU;i - OQL;J - z (IQN:.I. + 1QU;j - IQL:.j)+ 22)

J J

FerN -sPi-w' - (Rcf+ su',)—sf_l .
1 i 1 i H ] 13

Rearranging equation 22 gave:

>( 00w, + 00U, - 0oL}, )- 23)

J

;(IQN;I.+IQU;!.—IQL:].) - SU,+SL;

+(S#1 + If + RN/ - RC{ - SP{ - EV{ - W}) = 0.

At the beginning of time 1, the values of S//, I/, RN/,
RC{, SP}, EV{, and W} were known or could be esti-
mated using previous time-period data. If NV = S,-"’ +
Iit + RNit - RC,-’ - SPit - EVlt - Wit, the pOl'ld water-
balance equation became:

> (00ow; + 00U~ 0oL, )- 24)
7

Z(IQN:J.+IQU:].—IQL:J.)— SU;+ SL;+ NV, = 0.
J

Each term in equation 24 was represented by flow
through a distinct arc in the linear-network flow model.
Among these arcs, the term NV’ was simply called a
net-value arc (NV). Upper storage deviation arcs (SU),
lower storage deviation arcs (SL), and NV arcs were
connected to a sink/source node (fig. 8). The direction
of SU arcs was from node i to the sink/source node. The
direction of SL arcs was from the sink/source node to
node i. The direction of NV arcs depended on the sign
of the value of NV/.. If the value of NV was positive,
the direction of the NV arc was from the sink/source
node to the pond node i, and the reverse was true if the
value of NV; was negative (fig. 8).

General Node

A general node was designated where the calcula-
tion of water balance was needed (for example, at
joints of canals). The difference between a pond node
and a general node was that there was no water storage
associated with a general node. The water balance at
general node i during time ¢ was given by:

ZOQ;,.—ZIQ,'.J.+I:—W: =0, (25)
j j

where
0Q;/ = inflow from upstream node j to node i dur-
ing time period #;
10,/ = outflow from a general node i to the down-
stream node j during time period ¢ ;
I,-' = local net incremental inflow to node i, such
as surface runoff; and
W/ = water withdrawal at node i during time 1.
W/ was expressed as follows:

Wit = TRit - DW,-’, (26)
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oL
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-— -~ Upper storage deviation arc

NV.
-+--.--~- 3 Pond net-value arc

—..—..» Lower storage deviation arc

Figure 8. Arc-node representation for pond-storage routing.

in which TR/ was the target water-with-
drawal from node i during time period ¢,
and DW{ was the water withdrawal devia-
tion for node i during time period ¢,
0<DW,<TR,.

Substituting equations 8 and 26 into equation 25 gave:

Z(OQN;,' + OQU;.’.—- OQL;.,.) - 27
J
Z(IQN:J.+IQU£J.—IQL;1) - (TR;-Dw;) -0.
J

Equation 27 is consistent with equation 4, and each
term of equation 27 was represented by flow through a
distinct arc (fig. 9). Among flows through these arcs,
flows I} and TR were known at the beginning of time
. The direction of the I;/ arc depended on the sign of the
value I;/. If it was positive, then the arc was directed
toward the water demand node from the sink/source
node. The reverse was true for a negative I;". Because
1} and TR/ were known, the penalty coefficients of I/
and TR/ arcs were assigned to be zero.
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Figure 9. Arc-node representation for a general node.

Sink/Source Node

The sink/source node mentioned in previous sec-
tions was an introduced node that made it possible to
form a closed-loop network. As a sink, this node
accounted for: (1) flows from canal water loss (seepage
and evaporation) and final water storage (fig. 7B), (2)
flows from the storage deviation above the rule curve
(fig. 8), (3) canal flows at the downstream end of the
system, and (4) water withdrawal from a node (fig. 9).
As a source, the sink/source node accounted for: (1)
flows for the canal initial storages (fig. 7B), (2) flows
for the storage deviations below the rule curves (fig. 8),
(3) net inflows to ponds (fig. 8), and (4) net incremental
flows to general nodes (fig. 9). The water balance for
canal reaches, pond nodes, and general nodes guaran-
teed that mass conservation at a sink/source node was
satisfied.

- - - =» Net incremental-flow arc

TR

e—=iy Target water-demand arc

DW.

i

—--——-» Water-withdrawal deviation arc

Linear-Network Optimization Flow Model

The linear-network flow model given by
equations 3-5 was rewritten for the operation of canals
and control ponds as follows:

Minimize

Z(C;‘SU,. + chL,.)'+ @8)

i

n U 1 t W '
ZZ(CUQNU + CuhQUij_ CijQL,-j) + ZCi DW,,
[ 7

subject to
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2. (OQN;;+ 0QU;;- 0QL;)"-

t t
E(IQNU +1QU, - IQLU) - (sui - SLl.) ai=0

J

29)

for all pond nodes i,

ZLOQNj.,.+ 0QU', - OQLJ'.,.J— (30)
7
(10N} + 10U~ 101y )+ 1~ TR -DW,) = 0

j

for all general nodes i,

(IQN;]. +1Q U;j—IQL;j) - (OQN:]. +0Q U:j— OQL:}.) - (31

eV _sp -5 5!
] 1 ] {

for canal flow arcs (i),

0< SU;< 3T, (32)
0<SL;<SL; , (33)
0< QN < QON;<ONy, (34)
0< QU;<QU;, (35)
0<QL;<QL;, (36)
0<DW,<TR;, (37)

where C* and C} were the penalty coefficients for

cost per unit; and the upper bars and lower

bars in equations 32-37 were upper and

lower flow boundaries of an associated arc.
Water storage deviated from the rule curve at pond
node i for the upper zone and lower zone, respectively.
C,-j", Cij“, and C,-j’ denoted the penalty coefficients for
cost per unit flow in canal ij for the normal, upper, and
lower flow zones, respectively.

The linear-network optimization flow model given
by equations 28—37 was a typical minimum-cost flow
problem in network analysis. Several algorithms exist
for solving a minimum-cost flow problem. One of the

algorithms, called the out-of-kilter algorithm (Fulker-
son, 1961; Bazaraa and others, 1990), was used in
developing the computer program called OPONDS
(the optimal Operation of a system of PONDS) devel-
oped for this study (see Appendices for the description
and listing of the computer program).

Model Supplements

In the following section, the methods used in
OPONDS to estimate canal water storage, canal-flow
transmission loss, surface runoff, and flow through
hydraulic structures are described.

Estimation of Canal Water Storage

The Muskingum’s method (McCuen, 1989) was
used to estimate canal storage in this study. The method
assumes that, for given a reach, canal storage (S) can be
expressed in terms of inflow and outflow rates as
follows:

S= K[xI + (I-x)0], (38)

where

K = the storage constant defined by the ratio of
storage to discharge. The storage constant
K has the dimension of time; therefore, K
is often called traveltime. The coefficients
of K and x are generally determined using
historical discharge data (Wu and others,
1985; Chow and others, 1988;
McCuen,1989);

x = the dimensionless weighting factor for the
storage effect of inflow and outflow. The
value of x is usually between 0 and 0.5;

I = inflow rate; and
O = outflow rate.

Estimation of Canal-Flow Transmission Losses

To estimate canal-flow transmission losses to an
aquifer, two approximation methods were included in
the computer program OPONDS. The first one was
based on Darcy’s equation given by:

(st_zgw) LB

p (39)

q=Kb
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where
g = canal seepage rate along canal reach;
Ky, = canal-bottom hydraulic conductivity;

Z,,, = average canal surface-water elevation,
which is the average water depth (h) plus
the canal-bottom elevation (Zp);

Z,, = average ground-water elevation below the
canal bottom, which is the average value
along the canal;

d = average canal-bottom thickness;

L = canal-reach length; and

B = canal water-surface width.
If a canal gained water from the aquifer, the seepage (q)
in equation 39 was a negative number. If the
ground-water elevation Z,,, was lower than the average
canal-bottom elevation, then the seepage rate, q, was
simplified as:

g = KyhLB, (40)

h was the average water depth in a canal
reach.

The water depth h was estimated iteratively using Man-

ning’s equation (Henderson, 1966):

where

. 1.486R%3J'?

n

, (41)

in which v was the average velocity, in feet per second
[v= Q/ A(h)]; R was the hydraulic radius [R = A(h) /
P(h)), in feet; A(h) was the cross-section area, in
square feet; P(h) was the wetted perimeter in feet; J
was the hydraulic slope; and 7 was the roughness coef-
ficient, which is dependent on canal bottom materials.

The second approximation method (Jordan, 1977)
assumed that the rate of canal-flow transmission loss at
any point was proportional to the flow at that point and
that the canal characteristics were uniform for a given
reach; that is,

do,
dx

= —kQ,, (42)

x was the distance coordinate, and k was the
transmission loss per unit length of canal
[1/L] and was simply called transmission
loss coefficient.

where

For a given canal reach of length L, the transmission
loss then was estimated by:

q=0.0- e'kL)IQ =clQ, (43)

where IQ was the inflow entering a canal, and ¢ was
a transmission loss rate for a given canal
reach of length L and was estimated using
seepage test data with a least-squares tech-
nique or other techniques.

Estimation of Direct Overland Surface Runoff

The Soil Conservation Service (1985) developed a
method for estimating direct overland surface runoff
depth from precipitation. The runoff depth Q generated
by precipitation P was given by:

_ (P-025)°

0 P+08S ’

(44)

where S was the potential maximum retention (the
amount of rain not converted to runoff

after runoff begins) given by:

1000
S = CN 10, (45)
in which CN was the SCS curve number. The SCS
curve number (CN) is an index that represents the com-
bination of hydrologic soil group and land use. CN is a
function of three factors—soil group, land-cover type,
and antecedent moisture conditions. The range of CN
is from O to 100. The curve number for average ante-
cedent soil-moisture conditions (AMC II) can be inter-
preted for given soil properties and land-cover type
(Soil Conservation Service, 1985; McCuen, 1989). For
dry conditions (AMC I) and wet conditions (AMC III),
equivalent curve numbers can be computed using the
following equations (Chow and others, 1988):

42CN (II)

CN (D) = 10— 0.058CN (1)’

(46)

23CN (II)

cnvam = 10+0.13CN (D)’

(47)
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where CN(I), CN(II), and CN(Ill) are the curve num-
bers for the dry, average, and wet condi-
tions, respectively.

The range of antecedent moisture conditions for each

class is shown in table 5 (Chow and others, 1988). The

SCS curve numbers for average soil-moisture condi-

tions for the Quivira National Wildlife Refuge are sum-

marized in table 4 in an earlier section.

Flow Through Hydraulic Structures

Water releases from ponds are through hydraulic
control structures. The amount of water release
depends on several factors, such as the pond water
level, hydraulic-structure types and sizes, and the oper-
ation of structures. In the following sections, flows
through four types of structures are discussed.

Flow Over Sharp-Crested Weir

A sharp-crested weir consists of a vertical plate
mounted at right angles to the flow and having a
sharp-edged crest (fig. 104). The discharge equation is:

0 = mb.2gH.”, (48)
where
Q = discharge over weir, in cubic feet per
second;
m = discharge coefficient, which is
dimensionless;

b = weir length, in feet;

H, = total energy head (= H + v,%/ 2g), in feet. If
approaching velocity v, =0, then H, = H,
where H is the static water head on a weir,
referred to as the weir crest; and

g = gravity acceleration (= 32.17 ft/s2).
The discharge coefficient (i) for free discharge is a
function of certain dimensionless ratios that describe
the geometry of the canal and the weir (Hulsing, 1967).
One simple expression for free discharge with no side
contraction is (Henderson, 1966):

m = 0.4073 + 0.0533 (H/P), where 0 < H/IP < 5, (49)
in which P is the weir height (fig. 104).

Flow Under Gate on Broad-Crested Weir

Flow under a vertical sluice gate on a broad-crested
weir (fig. 10B) was calculated by:

Table 5. Classification of antecedent soil-moisture
conditions (AMC) for SCS curve-number method of rainfall
abstractions

[From Chow and others, 1988]

Total 5-day antecedent rainfall (inches)

AMC Dormant season Growing season
I Less than 0.5 Less than 1.4
I 0.5-1.1 1.4-3.1
11 More than 1.1 More than 3.1
0 = mbe /2gH0 , 50)
where e was the gate opening height, and the other

terms had the same definitions as in equa-
tion 48.
If e/H > 0.65, flow was not affected by the gate. The
discharge coefficient for the free outflow under the gate
depended on the relative gate opening height (¢/H) and
was approximated by (Swamee, 1992):

0.072

e
m = 0611 He : 1)
1+ 151—{

where e/H < 0.65.

Flow Under Gate on Spillway

Flow under a gate on a spillway was calculated by:

Q= mbe,\[Zg_Ho. (52)

The definition of variables in equation 52 is the same as
equation 50. The discharge coefficient (m) for a stan-
dard spillway depended not only on the relative gate
opening height (e/H) but also on the design water head
(H ) and design discharge coefficient (m,) (U. S. Army
Engineer Waterways Experiments Station, 1972). In
the case that design water head and design coefficient
were not available, the free outfall flow with a flat gate
and sharp-crested edge of the gate facing downstream
(fig. 10C) was approximated using the following equa-
tion (Chengdu Science and Technology University,
1979):

m =0.65 - 0.186 (e/H). (53)
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Figure 10. Flow through hydraulic structures.

Pipe Outflow

For free flow through a pipe (fig. 10D), the dis-
charge was estimated by:

0 = mAJ2gH | (54)

where A was the area of cross section of the pipe, H
was the water depth above the water outlet,
and the discharge coefficient (m) was given

Gate opening height (e)

Total energy head

V"Z/Zg a
R v A i —
- Gate
Water depth
(H) Direction
. of flow
Gate opening
height (e)
Z >
. S LSS S
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B. Gate on broad-crested weir.
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D. Pipe.

by (Chengdu Science and Technology Uni-
versity, 1979):

S T
/1+)~£+E<’,’
d

| was the length of the pipe, d was the diam-
eter of the pipe, A was the pipe friction
coefficient that was determined by pipe

(55)

m =

where
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materials, and { was the entrance loss coef-
ficient that was determined by the shape of
the entrance.

SIMULATION OF CANAL AND CONTROL-
POND OPERATION FOR 1996

From June 11 through December 11, 1996, person-
nel at the Quivira National Wildlife Refuge measured
water-surface levels about four or five times a month
for most ponds. Streamflow discharges at the Rattle-
snake Creek near Zenith and Raymond stream-
flow-gaging stations were measured continuously by
USGS; however, the discharges in canals on the refuge
were not measured. A simulation was conducted to
determine the operation of canals and control ponds
under 1996 conditions. The major objective was to
determine the operation policy for canals and control
ponds on the refuge so that the simulated pond water
levels would match well with the measured water lev-
els. The basic approach was to use the measured pond
water levels as the pond rule curve, to set up pond zon-
ing and the priority relations of control ponds, to deter-
mine pond releases to canals or other ponds to satisfy
the measured discharges of Rattlesnake Creek near
Raymond, and to examine simulated water levels for
those ponds without water-level measurements. In the
following sections, the data and the related necessary
assumptions needed to conduct the simulation are dis-
cussed, the operation policy of ponds is discussed, and
the simulation results are presented.

Data Preparation

In this section, data needed for the simulation are
discussed. Measurement data were used if available. If
some data were not available, reasonable values were
estimated from other sources.

Precipitation

The amount of precipitation directly affects the
surface runoff to ponds. Daily precipitation measured
at the refuge headquarters from June 11 through
December 11, 1996, is shown in figure 11A (Marios
Sophocleous, Kansas Geological Survey, written com-
mun., 1997). The total amount of precipitation for the
period was 13.96 in.

Water-Surface Evaporation

The daily potential evapotranspiration (PET)
(Marios Sophocleous, Kansas Geological Survey, writ-
ten commun., 1997) is shown in figure 11B. It was
assumed that the daily water-surface evaporation rates
on the refuge were the same as the corresponding daily
potential evapotranspiration. The total water-surface
evaporation for the simulation period was 25.21 in.

Canal Discharge

Discharge for Rattlesnake Creek measured at the
USGS streamflow-gaging stations near Zenith and
Raymond from June 11 through December 11, 1996, is
shown in figure 11C. The mean daily discharge rates
for the simulation period were 48.72 and 47.73 ft>/s for
the Zenith and Raymond stations, respectively.

For this simulation, the daily mean discharges
observed at the USGS Zenith station were used as
water supply from Rattlesnake Creek to Little Salt
Marsh. The daily mean discharges observed at the
USGS Raymond station were used as the required
stream outflow from the refuge through Rattlesnake
Creek.

Canal-Flow Transmission Losses

Flow transmission losses from canals on the refuge
were difficult to estimate. Personnel from the refuge
did four seepage tests (table 6) along a 15,129-ft reach
of Rattlesnake Creek downstream from Little Salt
Marsh during 1996 (see fig. 2). Applying the
least-squares method to equation 43, the estimated
transmission loss coefficient (k) (equation 42) was
equal to 9.16 x 10 £t1. Due to a lack of data for the
remaining canals on the refuge, this value of k was used
for the estimation of flow transmission loss rate ¢
(equation 43) for all canals south of the RC Canal.
Because canals north of the RC Canal are located in the
ground-water discharge area, no canal-flow transmis-
sion losses occurred for these canals. The ground-water
discharge to these canals was included in discharge to
ponds (see table 2).

Ground-Water Discharge to Ponds

Ground-water discharge to ponds on the refuge
during the simulation period was not available. Instead,
ground-water discharges to ponds based on informa-
tion provided by Marios Sophocleous (Kansas
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